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Abstract We present observations of a quasi-periodic fast-propagating (QFP)
magnetosonic wave on 23 April 2012, with high-resolution observations taken by
the Atmospheric Imaging Assembly onboard the Solar Dynamics Observatory.
Three minutes after the start of a C2.0 flare, wave trains were first observed
along an open divergent loop system in 171 A˚ observations at a distance of 150
Mm from the footpoint of the guiding loop system and with a speed of 689
km s−1, then they appeared in 193 A˚ observations after their interaction with
a perpendicular, underlaying loop system on the path; in the meantime; their
speed decelerated to 343 km s−1 within a short time. The sudden deceleration
of the wave trains and their appearance in 193 A˚ observations are interpreted
through a geometric effect and the density increase of the guiding loop system,
respectively. We find that the wave trains have a common period of 80 seconds
with the flare. In addition, a few low frequencies are also identified in the QFP
wave. We propose that the generation of the period of 80 seconds was caused
by the periodic releasing of energy bursts through some nonlinear processes in
magnetic reconnection, while the low frequencies were possibly the leakage of
pressure-driven oscillations from the photosphere or chromosphere, which could
be an important source for driving coronal QFP waves. Our results also indicate
that the properties of the guiding magnetic structure, such as the distributions
of magnetic field and density as well as geometry, are crucial for modulating the
propagation behaviors of QFP waves.
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1. Introduction
Investigations of magnetohydrodynamic (MHD) waves in the magnetically dom-
inated solar atmosphere have a long history. However, due to the lack of actual
observations in the past, the investigations were mainly limited to theoretical
studies (e.g. Roberts, Edwin, and Benz, 1983, 1984; Appert et al., 1986; Edwin
and Roberts, 1983, 1988), besides a few observational studies based on ground-
based radio or optical telescopes (e.g. Parks and Winckler, 1969; Koutchmy,
Zˇugzˇda, and Locaˇns, 1983). In the last two decades, the launch of a series of
space-borne solar telescopes such as SOHO, TRACE, STEREO, and Hinode
has led to a revolutionary breakthrough in the observational study of MHD
waves. However, these instruments have their own limitations for observing fast
magnetosonic waves (see Nakariakov and Verwichte (2005) for details). Thanks
to the launch of the Solar Dynamics Observatory (SDO, Pesnell, Thompson, and
Chamberlin (2012)) in 2010, many instrumental deficiencies are largely overcome
due to the high temporal and spatial resolution and full-disk observation capa-
bility of this telescope. Previous studies have indicated that MHD waves play an
important role in the context of the enigmatic problems of coronal heating and
acceleration of the fast solar wind, since they can carry magnetic energy over a
large distance (e.g. Schatzman, 1949; Osterbrock, 1961; Walsh and Ireland, 2003;
Tian, McIntosh, and De Pontieu, 2011; Morton et al., 2012). Furthermore, MHD
waves can also be used to diagnose many physical parameters of the solar corona
with the so-called coronal seismology technique (Uchida, 1970; Roberts, Edwin,
and Benz, 1984). For example, with some measurable physical parameters, one
can estimate the coronal magnetic-field strength (Nakariakov and Ofman, 2001;
West et al., 2011; Shen and Liu, 2012a, 2012b), coronal dissipative coefficients
(Nakariakov et al., 1999), and coronal sub-resolution structures (Robbrecht et
al., 2001; King et al., 2003; Morton et al., 2012). These parameters are difficult
to obtain with direct measurements, but they are crucial for understanding a
number of complex physical processes in the solar corona.
It is generally known that there are three types of MHD waves in the solar
corona, namely Alfve´n and slow and fast magnetosonic waves. Except for the
slow-mode waves, up to the present, reports on Alfve´n and fast-mode waves are
very rare. This is mainly due to the instrumental limitations such as low cadence.
For observational investigations on quasi-periodic fast-mode waves, Williams et
al. (2002) first reported a quasi-periodic fast wave that travels through the apex
of an active-region coronal loop with a speed of 2100 km s−1 and a dominant
period of six seconds. This event was observed during the total solar eclipse
on 11 August 1999, with the Solar Eclipse Corona Imaging System (SECIS)
instrument, which has a rapid cadence of 2.25× 10−2 seconds and a pixel size of
4.07
′′
(Williams et al., 2001). This temporal resolution is sufficient to detect
the short-period fast waves. In an open magnetic-field structure, Verwichte,
Nakariakov, and Cooper (2005) found fast-propagating transverse waves that
have phase speeds in the ranges of 200–700 km s−1 and periods in the range of
90–220 seconds. The authors interpreted them as propagating fast magnetosonic
kink waves guided by a vertical, evolving, open structure. Solar decimetric radio
emission of fiber bursts are often interpreted as a signature of magnetosonic
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wave trains in the solar corona. They often have a period of minutes and show
a “tadpole” structure in the wavelet spectra (e.g. Me´sza´rosova´ et al. (2009),
2009, 2013; Me´sza´rosova´, Karlicky´, and Ryba´k (2011); Karlicky´, Jel´ınek, P.,
and Me´sza´rosova´ (2011)), as predicted in theory studies (e.g. Nakariakov et al.
(2004); Jel´ınek, Karlicky´, and Murawski (2012)).
With the high temporal and spatial resolution observations of the Atmospheric
Imaging Assembly (AIA, Lemen et al. (2012); Boerner et al. (2012)) instrument
onboard SDO, a new type of MHD wave dubbed quasi-periodic fast-propagating
magnetosonic waves (QFP) has been detected recently. Such waves have multiple
arc-shaped wave trains, and they are often observed in diffuse open coronal loops
at 171 A˚ temperatures (Fe IX; logT = 5.8). Initial observational results indicate
that QFP waves have an intimate relationship with the accompanying flare.
However, questions about their generation, propagation, and energy dissipation
are still open questions. Liu et al. (2011) presented the first QFP wave study with
observations taken by SDO/AIA, and they found that multiple arc-shaped wave
trains successively emanate from near the flare kernel and propagate outward
along a funnel-like structure of coronal loops with a phase speed of about 2200
km s−1. With Fourier analysis, they detected three dominant frequencies of 5.5,
14.5, and 25.1 mHz in the QFP wave, in which the frequency of 5.5 mHz tempo-
rally coincides with quasi-periodic pulsations of the accompanying flare, which
suggests that the flare and the QFP wave were possibly excited by a common
origin. Shen and Liu (2012a) investigated a similar case that occurred on 30 May
2011, and they compared the frequencies of the QFP wave and the accompanying
flare. Their observational results indicate that all of the flare’s frequencies can be
found in the wave’s frequency spectrum, but a few low frequencies of the QFP
wave are not consistent with those of the flare. Thus they proposed that the
leakage of pressure-driven oscillations from photosphere into the low corona could
be another source for driving QFP waves. Recently, Yuan et al. (2013) reanalyzed
the event on 30 May 2011 with AIA data and radio observations provided by
the Nancay Radioheliograph. They found that the QFP wave could be divided
into three distinct sub-QFP waves that have different amplitudes, speeds, and
wavelengths. In addition, the radio emission show three radio bursts that are
highly correlated in start time with the sub-QFP waves. This result suggests
that the generation of QFP waves should be tightly related with the regimes
of energy releasing in magnetic reconnections. QFP waves coupling with diffuse
single broad pulse of extreme-ultraviolet (EUV) waves (so-called “EIT waves”
(e.g. Thompson et al., 1998; Shen and Liu, 2012c)) are observed recently by Liu
et al. (2012). The authors found that multiple wave trains propagate ahead of
and behind of a coronal mass ejection (CME) simultaneously. However, the two
components of the wave trains have different speeds and periods, in which only
those running ahead of the CME have similar period to the flare. Modeling efforts
have been made to understand the physics in QFP waves (Nakariakov, Melnikov,
and Reznikova, 2003; Bogdan et al., 2003; Heggland, De Pontieu, and Hansteen,
2009; Fedun, Shelyag, and Erde´lyi, 2011; Ofman et al., 2011). Especially, Ofman
et al. (2011) performed a three-dimensional numerical simulation for the QFP
wave presented by Liu et al. (2011). They successfully reproduced the multiple
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arc-shaped wave trains that have similar amplitude, wavelength, and propagation
speeds as those obtained from observation.
In this article, we present an observational study of a QFP wave that occurred
on 23 April 2012 and was accompanied by a Geostationary Operational Environ-
mental Satellite (GOES) C2.0 flare in NOAA active region AR11461 (N12, W20).
The wave trains were first observed in 171 A˚ observations; however, after their
interaction with another loop system on the path, they appeared in the hotter
193 A˚ observations. In the meantime, the speed of the wave trains decelerated to
about half of that before the interaction. With the Fourier and wavelet analysis
techniques, we study the periodicity, generation, and propagation of the QFP
wave, then possible mechanisms for the quick deceleration of the wave trains
during the interaction and their sudden appearance in 193 A˚ observations are
discussed.
2. Observations
AIA onboard SDO is very suitable for detecting fast-propagating features such
as fast magnetosonic waves with short periods. It captures images of the Sun’s
atmosphere out to 1.3R⊙ and has high temporal resolution of as short as 12
seconds. AIA produces imaging data with four 4096 × 4096 detectors with a
pixel size of 0.6”, corresponding to an effective spatial resolution of 1.2” in seven
EUV and three UV-visible channels, which cover a wide temperature range from
logT = 3.7 to logT = 7.3. All of these parameters are necessary ingredients
for detecting fast-propagating waves. In the presented case, the wave trains
were firstly captured in AIA 171 A˚ (Fe IX; logT = 5.8) and then in 193 A˚
(Fe XII, XXIV; logT = 6.2, 7.3) observations. We study the QFP wave using
the running-difference, base, and running-ratio images, in which the running-
difference images are constructed by subtracting each image with the previous
one, the base-ratio images are obtained by dividing the time-sequence images
with a pre-event image, and the running-ratio images are obtained by dividing
each image with the previous one. In addition, the GOES soft X-ray fluxes
are also used to analyze the periodicity of the accompanying C2.0 flare. The
AIA images used in this article are calibrated with the standard procedure
aia prep.pro available in SolarSoftWare (SSW) and then differentially rotated
to a reference time (17:30:00 UT), and solar North is up, West to the right.
3. Results
3.1. Overview of the QFP Wave on 23 April 2012
The QFP wave on 23 April 2012 was accompanied by a GOES C2.0 flare (N13,
W17) in NOAA AR11461 (N12, W20), a global EUV wave, and a coronal mass
ejection (CME). According to the GOES flare record, the start, peak, and end
times of the flare are 17:37, 17:51, and 18:05 UT, respectively. The QFP wave
could be observed about three minutes after the flare start, which indicates that
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Figure 1. An overview of the QFP wave on 23 April 2012. (a) AIA 171 A˚ and (b) AIA 193
A˚ raw images show the pre-event magnetic environment, while (c) AIA 171 A˚ and (d) AIA
193 A˚ are base-ratio images displaying the multiple wave trains. The three orange red dashed
curves in panel (a) are used to obtain the time–distance diagrams shown in Figure 2, and the
guiding loop is indicated by the two white arrows. The inset in panel (a) is a close-up view of
the black box region at 17:46:24 UT. It is a filtered image obtained by subtracting a smoothed
image with a boxcar average over 15×15 pixels. In the inset, the long flare ribbon is indicated
by the red arrow, and the two green dashed curves outline the loop system that guides the
wave trains. In panel (b), the white dashed box indicates the region where Fourier analysis is
applied, while the black arrow points to the perpendicular loop system. The arrows in panels
(c) and (d) point to the multiple wave trains. The field of view is 450
′′
× 400
′′
for each frame
and an animation for this figure is available in the electronic supplementary materials.
the generation of the flare and the wave trains may have some internal physical
relations. On the other hand, the relationship between the QFP wave and the
preceding EUV wave is not obvious. Therefore, we will confine our attention
to the QFP wave and the accompanying flare in the present article. Detailed
analysis of the global EUV wave has been published very recently by Shen et al.
(2013).
The wave trains were primarily observed in the 171 A˚ observations along
an open loop system rooted in active region AR11461. Furthermore, the wave
trains were also observed in the 193 A˚ observations after a few minutes. This
phenomenon is different from the cases that have been documented in previous
studies, where wave trains can only be identified at the 171 A˚ temperature (Liu et
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al., 2011; Shen and Liu, 2012a). The pre-event magnetic condition of the source
region and the morphology of the wave trains are displayed in Figure 1. It can be
seen that the path of the wave trains was along the diverging coronal loop system,
which can be identified in the 171 A˚ raw image as indicated by the white arrows
(see Figure 1(a) and the animation available in the electronic supplementary
material). On the path of the wave trains, there is another loop system that was
nearly perpendicular to the guiding field of the wave trains (see the black arrows
in Figure 1(b) and the animation). The propagation of the wave trains were
inevitably influenced by this perpendicular loop system, which will be analyzed
in detail using time–distance diagrams obtained from the red dashed curves as
shown in Figure 1(a). In Figure 1(c) and (d), we show the multiple arc-shaped
wave trains in running-ratio 171 A˚ (Figure 1(c)) and 193 A˚ (Figure 1(d)) images.
They emanated successively from the footpoint of the guiding loop and faded in
sequence at a distance of about 300 Mm from the guiding loop’s footpoint. The
successive wave trains were manifested as alternating white-black-white fringes.
The footpoint region of the guiding loop system is highlighted in the small inset
in Figure 1(a), in which the loop system is outlined using two dashed-green
curves. It is interesting that a long flare ribbon lay close to the footpoint of
the guiding loop system. In consideration of the temporal relationship between
the flare and the QFP wave, we conjecture that this flare ribbon might be a
direct evidence for the generation of the wave trains. However, the wave trains
did not show up immediately following the appearance of the flare ribbon, but
rather appeared at a distance of about 150 Mm from the flare ribbon (also the
footpoint of the guiding loop system) in the 171 A˚ images. Here the distance
is measured along the curving coronal loop rather than a straight-line distance.
As a comparison, the distance is about 260 Mm from the flare ribbon when the
wave trains could be observed in the 193 A˚ images. From the time-sequence
observations, we determine that the lifetimes of the wave trains are about 15
(17:40 – 17:55 UT) and 8 (17:47 – 17:55 UT) minutes at 171 A˚ and 193 A˚
wavelength bands, respectively. The start time of wave trains in the 171 (193) A˚
observations is delayed relative to that of the flare by about three (ten) minutes,
while the appearance time in the 193 A˚ images is delayed relative to that from
171 A˚ by about seven minutes.
3.2. Kinematics Analysis of the Wave Trains
We study the kinematics of the wave trains using time–distance diagrams ob-
tained along curves perpendicular to the propagation direction of the wave trains
(see Figure 1(a)). To make a time–distance diagram, we first obtain the intensity
profiles along a curve from time sequence images by averaging ten pixels across
the curve. Then, a time–distance diagram can be created by stacking the ob-
tained profiles in time sequence. Figure 2 shows the time–distance diagrams made
from base- and running-ratio 171 A˚ and 193 A˚ observations along cuts C1 and
C2. The base-ratio time–distance diagrams show best the broad EUV wave stripe
and dark dimming regions that are thought to be an effect of density decrease
rather than temperature change (Jiang et al., 2007; Shen et al., 2010), while the
running-ratio time–distance diagrams highlight the fast-propagating wave trains,
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which manifest themselves as narrow and steep stripes whose slopes represent
the projection speeds of the wave trains on the plane of the sky. From these time–
distance diagrams, one can see a long and broad stripe that represents the global
EUV wave running ahead of the wave trains. The speed of the EUV wave along
cut C1 is about 390 ± 10 km s−1. It should be kept in mind that the propagation
speed of the wave trains measured from time–distance diagrams are the lower
limits of the true three-dimensional values due to projection effects. Although
an obvious stationary brightening formed when the EUV wave reached a region
of open magnetic fields, the EUV wave did not stop there but rather continued
to propagate (see the black arrows in Figure 2(b)), which may manifest the true
wave nature of the EUV wave. In addition, by comparing the base-ratio time–
distance diagrams, we can find that the initial global EUV front was followed by
dimming in 171 A˚ but emission enhancement in 193 A˚; this may suggest that
the coronal structures were heated by the EUV wave through adiabatic heating
(Schrijver et al., 2011; Downs et al., 2012; Liu et al., 2012), and may not be due
to the dissipation of the wave trains.
The wave trains have different manifestations in 171 A˚ and 193 A˚ time–
distance diagrams. We mainly compare the time–distance diagrams made from
171 and 193 A˚ running-ratio images along cut C2. In the 171 A˚ time–distance
diagram, we can observe the stripes of the wave trains at a distance of about 30
Mm from the measurement origin (see Figure 2(e)), namely 150 Mm from the
footpoint of the guiding loop system. Before the wave trains interacted with the
perpendicular loop system as indicated by the blue dash-dotted line Figure 2(f),
they propagated with an average speed (acceleration) of about 689 ± 23 km s−1
(-1043 m s−2). However, this speed slowed down significantly to 343 ± 27 km s−1
after the interaction, about half of that before the interaction. This may indi-
cate that the propagation of the wave trains was seriously influenced by the
perpendicular loops due to the changing properties of the guiding loop system.
In the 193 A˚ running-ratio time–distance along the same cut (Figure 2(f)), wave
trains can only be identified after the interaction, and the stripes observed in
193 A˚ time–distance diagram are weaker than those observed in the 171 A˚ time–
distance diagram. The average speed of the QFP wave trains measured from the
193 A˚ time–distance diagrams is about 362 ± 36 km s−1, while the acceleration
is about -364 m s−2. This speed is slightly higher than that determined from the
171 A˚ time–distance diagrams (343 km s−1), which may reflect the temperature
response to the wave trains at different temperatures (Kiddie et al., 2012).
3.3. Periodic Analysis of the Wave Trains
The detailed analysis of the periodicity of the wave trains is displayed in Figure 3,
in which panels (a) – (c) are the magnified sub time–distance diagrams of the
regions indicated by the red boxes shown in Figure 2(e) and (f), while panels (d)
– (i) are wavelet analysis of the base-ratio intensity profiles along dashed lines
L1 and L2, as shown in Figure 2. In the sub time–distance diagrams, the steep
stripes of the wave trains are clear and parallel to each other. We highlight these
wave stripes using a series of parallel red dotted lines (see Figure 3(a) – (c)), and
therefore, the time intervals between neighbouring lines represent the periods of
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Figure 2. time–distance diagrams show the kinematics of the wave trains. The top and middle
rows are obtained from base-ratio images, while the bottom row are made from running-ratio
images. The left and right columns are obtained from 171 and 193 A˚ images respectively. The
two black arrows in panel (b) point to the EUV wave stripe and the stationary brightening.
The red dashed lines in panels (c) and (d) mark the positions where we analyze the periodicity
of the wave trains, while the blue dash–dot line in panels (e) and (f) indicate the position of
the perpendicular loop system. The average speeds of the EUV wave and the wave trains are
also plotted in the figure. The three dashed red boxes mark the regions shown in Figure 3, in
which the top one in panel (e) and the one in panel (f) indicate the same region.
the wave trains. The result indicates that the period of the QFP wave trains
before their interaction with the perpendicular loop system ranges from 60 to
100 seconds (see Figure 3(b)), while that ranges from 70 to 90 seconds after the
interaction (see Figure 3(a) and (c)). In addition, the QFP wave trains showed
similar patterns and periods in the 171 A˚ and 193 A˚ time–distance diagrams after
the interaction (see Figure 3 (a) and (c)), which suggests an intimate relationship
between the wave trains observed at the two different wavelength bands.
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Figure 3. Periodicity analysis of the wave trains observed in 171 A˚ and 193 A˚ observations.
Panels (a) and (b) display the close-up view of the top and bottom red dashed box regions
shown in Figure 2(e), while panel (c) is the region as shown in Figure 2(f). In these time–dis-
tance diagrams, the QFP wave stripes are highlighted using a series of parallel dotted lines.
In panel (d), the pink (magenta) curve shows the intensity profile along L1 (L2) as shown in
Figure 2(c), while the red (blue) curve displays the detrended intensity profile obtained by
subtracting the smoothed flux using a 96 seconds boxcar. Panels (e) and (f) are the wavelet
power spectra of the detrended intensity profiles along L1 and L2, respectively. Panels (g),
(h), and (i) are to be compared with (d), (e), and (f), respectively, but they are for the 193 A˚
intensity profiles. The red contours in each wavelet power spectrum outline the region where
the significance level is above 95, %, and the vertical yellow (green) line indicates the start time
of the wave trains before (after) the interaction with the perpendicular loop system. In the
power spectra, redder color correspond to higher wavelet power, and those with high power
regions are indicated by vertical white arrows, and the corresponding periods (P) are also
plotted in the figure.
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The base-ratio intensity profiles along L1 (pink) and L2 (magenta) of 171
A˚ are plotted in Figure 3 (d), while those obtained from 193 A˚ are plotted
in Figure 3(g). In optically thin corona, it is usually true that the emission
intensity is proportional to the square of the plasma density, i.e. I ∝ ρ2. Thus
the base-ratio intensity perturbations appropriately represent the variations of
the plasma density relative to the pre-event background. To better show the
intensity variations and the periodic patterns of the base-ratio intensity profiles,
we also plot the detrended intensity profiles in Figure 3(d) and (g) as shown by
the red (L1) and blue curves (L2). The detrended intensity profiles are obtained
by subtracting the smoothed intensities using a 96 second boxcar, and the results
shown in the figure are fivefold magnifications of the original detrended profiles.
To extract the periods of the wave trains, we apply wavelet analysis technique
to the detrended intensity profiles along L1 and L2. The wavelet method is a
common effective technique for analyzing localized variations of power within
a time series, which allows us to investigate the temporal dependence periods
within the observed data. The details of the procedure and the corresponding
guidance can be found in Torrence and Compo (1998). In our analysis, we choose
the “Morlet” function as the mother function, and a red-noise significance test
is performed. Since both the time series and the wavelet function are finite,
the wavelet can be altered by edge effects at the end of the time series. The
significance of this edge effect is shown by a cone of influence (COI), defined
as the region where the wavelet power drops by a factor of e−2. Areas of the
wavelet power spectrum outside the region bounded by the COI should not be
included in the analysis.
The wavelet power spectra of 171 (193) A˚ detrended intensity profiles along L1
and L2 are showed in Figure 3(e) ((h)) and (f) ((i)) respectively. At the position
L1, strong power with a period of 81±8 seconds is identified. It starts from about
17:40 UT and lasts for about 12 minutes. However, no corresponding periodic
signature could be detected at the same position in the 193 A˚ intensity profile
(see Figure 3(h)). This is consistent with the imaging observations described
above. At the position L2, we detect strong power with similar periods and
durations both in the 171 and 193 A˚ power spectra. The duration of this strong
power is about eight minutes (17:47 UT – 17:55 UT), and the periods are 80±12
seconds and 82± 9 seconds in the 171 A˚ and 193 A˚ power spectra, respectively.
At the two wavelength bands, the start times of the periodic signature are almost
the same (see the vertical green line in Figure 3). The similar periods revealed by
the power spectra indicate that the wave trains kept their period before and after
their interaction with the perpendicular loop system, even though their speed
was slowed down significantly during the interaction. In our measurement, the
periods are determined from the peak of the corresponding global power curve
and meanwhile the significance level should be higher than 95, %. The error of
each period is determined by the full width at half maximum of each peak of
the global power curve, which is obtained by fitting each peak with a Gaussian
function.
To further analyze the periodicity of the wave trains observed in 171 A˚ and
193 A˚ observations, we generate k–ω diagrams from 171 A˚ and 193 A˚ running
difference observations, with the Fourier transform method that can decompose
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Figure 4. Fourier analysis of the QFP wave in the white dashed box region shown in Figure
1(b). Panels (a) and (b) are Fourier power (k–ω diagram) of a three-dimensional data tube of
171 A˚ and 193 A˚ running difference images during 17:40 – 17:58 UT, while (c) and (d) are the
integrated power spectrum over the wave number of left panels (a) and (b), respectively. The
dashed line in panels (a) and (b) are the linear fit to the wave ridge.The red arrow in panel
(c) point to the frequency of 12.5 mHz (period: 80 seconds).
the possible frequencies in the observed QFP wave. The principle and detailed
operation steps have been documented in previous articles (DeForest, 2004; Liu
et al., 2011; Shen and Liu, 2012a). The analysis region is shown as the white
dashed box in Figure 1(b), and the analysis time is from 17:40 to 17:58 UT,
close to the duration the QFP wave. The Fourier analysis results are shown in
Figure 4, in which panels (a) and (b) are the k–ω diagrams generated from 171
A˚ and 193 A˚ running-difference observations respectively. Based on the selected
field of view of the analysis region and the temporal interval of the observation,
we can obtain the resolution of the k–ω diagrams, which is ∆k = 6.85 × 10−3
Mm−1 in x-axis direction and ∆ν = 0.93 mHz in y-axis. In each k–ω diagram,
one can find an obvious linear steep ridge that represents the dispersion relation
of the QFP wave, and it can be well fitted with a straight line passing through
the origin (see the dashed lines in Figure 4 (a) and (b)). The slope of each ridge
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gives the phase speed [vph = ν/k] of the QFP wave, which is about 672 ± 30
km s−1 obtained from the 171 A˚ k-ω diagram, while that is about 386 ± 35
km s−1 for the wave observed in 193 A˚ observations. The speed revealed by the
193 A˚ k-ω diagram is close to the average speed of the wave trains measured
directly from the 193 A˚ time–distance diagrams, whereas, the speed revealed by
the 171 A˚ k-ω diagram is just consistent with the average speed measured from
the 171 A˚ time–distance diagrams before the interaction with the perpendicular
loop system. For each k–ω diagram, we plot the integrated power over the wave
number in the right (see panels (c) and (d) in Figure 4), which show a few peaks
such as 1.3, 3.6 , 8.2, and 12.5 mHz for the 171 A˚ Fourier power and 1.3, 3.5, and
5.1 for the 193 A˚. Among these frequencies, the frequency (period) 12.5 mHz (80
seconds) coincides with the period revealed by wavelet analysis of the intensity
variations at the positions of L1 and L2, as well as the direct estimation from
the time–distance diagrams in Figure 3.
3.4. Periodic Analysis of the Flare Pulsation
For impulsively launched fast waves in the low corona, flares are thought to
be an obvious source (Aschwanden, 2005). Recent high temporal and spatial
resolution imaging results indicate that the associated flares have similar periods
with the QFP waves (Liu et al., 2011; 2012; Shen and Liu, 2012a). This may
imply that the two phenomena are different manifestations of a single process
such as magnetic reconnection. As expected, the QFP wave studied in this article
shows an intimate relationship with the accompanying C2.0 flare. We use the
light-curves over the flare ribbon close to the guiding loop’s footpoint to analyze
the periodicity of the flare pulsation. The GOES soft X-ray fluxes of 1.0 – 8.0
A˚ and 0.5 – 4.0 A˚ bands, flare light-curves of 171 A˚, 193 A˚, and 304 A˚, and the
wavelet power of the corresponding detrended fluxes are show in Figure 5. The
two vertical dashed lines in Figure 5(a) indicate a temporal interval from 17:35
UT to 17:55 UT, and the light-curves during this period are shown in panel
(b). Panel (c) shows the detrended light-curves whose wavelet power spectra are
shown in panels (d) – (f). The detrended light-curves of 171 A˚, 193 A˚, and 304 A˚
show coherence pulsations during the rising phase of the flare (see Figure 5(c)).
As it can be identified in the figure, the flare light-curves have a strong period of
80 seconds, in agreement with the period of the wave trains obtained by direct
estimation from imaging observations. The similar period for both the flare and
the wave trains implies that they were probably excited by a common physical
origin, consisting with previous results (Liu et al., 2011; Shen and Liu, 2012a).
In addition, the start time of the flare pulsation was the same as that of the flare,
i.e. 17:37 UT, which is about three (tem) minutes earlier than the appearance
time of the wave trains in the 171 (193) A˚ observations.
4. Discussions
4.1. The Generation of the QFP wave
For impulsively generated fast magnetosonic waves in the solar corona, flares are
thought to be an obvious source (Roberts, Edwin, and Benz, 1984; Aschwanden,
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Figure 5. Periodicity analysis of the flare pulsations. Panel (a) is GOES soft X-ray fluxes, in
which the red (blue) curve is the time profile of GOES 1 - 8 (0.5 - 4) A˚ flux. Panel (b) shows
the lightcurves of 171 A˚ (pink), 193 A˚ (yellow), and 304 A˚ (blue) over the flare ribbon. The
detrended 171 A˚ (pink), 193 A˚ (yellow), and 304 A˚ (blue) fluxes are plotted in panel (c). (e) –
(f) are the wavelet power spectra of these detrended fluxes, in which the red contours indicate
the region where the significance level is above 95, %. The vertical red dashed lines in panels
(c) – (f) indicate the start time of the flare (17:37 UT).
2005). However, up to the present, knowledge about the detailed generation
mechanisms of the periodicity of flares and thereby QFP waves remain unclear,
although previous studies, as well as the present study, have indicated that QFP
waves have similar periods to the accompanying flares (Liu et al., 2011; Shen and
Liu, 2012a). Based on these observational results, we propose that both QFP
waves and the associated flares reflect the details of the energy releasing states
in magnetic reconnections.
As summarized by Nakariakov, Pascoe, and Arber (2005), there are several
physical mechanisms that can be responsible for flare periodicity, including i)
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geometrical resonances, ii) dispersive evolution of initially broadband signals, iii)
nonlinear processes in magnetic reconnections, and iv) the leakage of oscillation
modes from other layers of the solar atmosphere. For the present study, the last
two mechanisms can be used to interpret the generation of the periodicity of
the QFP wave. Since the period of 80 seconds can be identified in both the flare
pulsation and the QFP wave, we propose that this component should be excited
by some nonlinear processes in the magnetic reconnection that produces the flare.
For example, recent numerical experiments indicate that repetitive generation
of magnetic islands and their coalescence in current sheets are identified during
magnetic reconnections, which can lead to an intermittent or impulsive bursty
energy release (Kliem, Karlicky´, and Benz, 2000; Mei et al., 2012; Ni et al., 2012).
The generation of a new island is suggested to be accompanied by a burst of
magnetic energy. The repetition of such process will form the periodicity of flares
and QFP waves. In such a regime, the periods are determined by the properties
of current sheet such as the plasma concentration, temperature, and magnetic
field outside the current sheet (Nakariakov and Melnikov, 2009). In addition,
the so-called oscillatory reconnection could also be a possible mechanism for the
generation of QFP waves (Murray, Driel-Gesztelyi, and Baker (2009); McLaugh-
lin et al. (2009), 2012. Oscillatory reconnection releases energy periodically and
thereby produce the repetitive pulsations of the flare emission. Up to the present,
various mechanisms have been proposed to explain the periodicity of flare pul-
sation. However, which one is the corresponding mechanism for QFP wave still
need to be proved.
Beside the common period of 80 seconds, a few low frequencies such as 1.3
(P = 770seconds) and 3.5 mHz (P = 285seconds) are revealed by the k–ω
diagrams of the QFP wave. These oscillation signatures are possibly the manifes-
tations of the photospheric or chromospheric pressure-driven oscillations leaking
into the solar corona. This mechanism has been identified in many observational
and theoretical studies (e.g. De Moortel, Ireland, and Walsh, 2000; 2002; Marsh
et al., 2003; De Pontieu, Erde´lyi, and James, 2004; De Pontieu, Erde´lyi, and De
Moortel, 2005; Didkovsky et al., 2011; Zaqarashvili et al., 2011). Hence we can
propose that the leakage of oscillation modes from the layers below the corona
is also an important driving mechanism for the generation of the observed QFP
wave in the low corona, in line with our previous results (Shen and Liu, 2012a).
4.2. Propagation of the Wave Trains
According to the observational results based on the 171 A˚ observations, the
propagation of the wave trains could be divided into three stages, the invisible
stage (17:37 – 17:40 UT), the fast propagation stage (689 km s−1), and the
slow propagation stage (343 km s−1). The wave trains underwent an invisible
stage of about three minutes before their appearance at a distance of about
150 Mm from the footpoint of the guiding loop system, during this stage no
significant intensity perturbation could be observed. This may caused by the
strong magnetic-field strength or other properties of the footpoint section of the
guiding loop system, which may result in insufficient plasma compression and
thereby no wave trains could be detected in the imaging observations. We can
SOLA: ms.tex; 11 August 2018; 3:53; p. 14
Observations of a QFP wave Interacting with a Coronal Loop System
estimate the average speed during this stage by dividing the distance (150 Mm)
by the length of time (180 seconds), which yields a speed of about 833 km s−1.
This result indicates that the speed during the fast propagation stage has been
slowed down to about 80, % of that during the invisible stage.
We can understand the deceleration of the wave trains from the basic equation
of the fast magnetosonic wave when it propagates along magnetic field, i.e. vf =
B√
4piρ
(θ = 0), B being the magnetic field strength, ρ the plasma density, and θ
the angle between the guiding magnetic field and the wave vector (Aschwanden,
2005). It can be seen that the propagation speed of the fast magnetosonic wave
is determined by the magnetic field strength and the density of the medium that
supports the wave. Considering the guiding loop system that has a divergent
geometry and the gravitational stratification of the density with altitude, the
speed of the fast magnetosonic wave would decrease rapidly with height due to
the decrease of the magnetic-field strength with height (Ofman et al., 2011). In
the meantime, if the total wave energy keeps unchanged during the propagation,
the decrease of density with height will amplify the amplitudes of the wave
trains and thereby become observable in the imaging observations. However, as
the wave trains propagate outwards, the guiding loop become more and more
diffuse. Therefore, the wave energy will spread to a broader extent, which will
lead to the decrease of the amplitudes of the wave trains. The combined effects
of the density stratification and the divergence geometry of the guiding loop
can lead to the appearance of a maximum amplitude in the midway of the path
as pointed out by Yuan et al. (2013). The quantitative relations among these
parameters need to be investigate with numerical experiments.
After the wave trains interacted with the perpendicular loop system, the
propagation entered a slow propagation stage with a speed of 343 km s−1
that is about half of that during the fast propagation stage. In the meantime,
similar wave trains appeared in the 193 A˚ observations, which has the same
period and speed with those observed in the 171 A˚ observations. The sudden
decrease of the wave speed observed here could be interpreted from two aspects:
the geometric effect and the density increase of the guiding loops. It is well
known that the distribution of magnetic fields is very complex, but the basic
configuration should be in funnel-like shape as proposed by Gabriel (1976). In
the present case, the guiding loops carrying the wave trains may change their
inclination angle significantly when approaching the perpendicular loop system,
and thus the guiding loops become more curved upward over the underlaying
perpendicular loops, i.e. a larger inclination angle relative to the solar surface.
Therefore, due to projection effect the observed wave speed can decrease to a
small value within a short timescale. Since the 193 A˚ wavelength images higher
layers of the solar corona than that of 171 A˚, and the wave trains propagated
from a lower height from the footpoint of the guiding loops, the projection effect
can also account for the sudden appearance of the wave trains in the 193 A˚
observations. On the other hand, the sudden decrease of the wave speed can also
be understood from the density increase of the guiding loop. When the wave-
guiding loops interact with the underlying perpendicular loops, the wave trains
will cause a strong compression of the guiding fields, which would increase the
density of the guiding loops quickly and thereby decrease the speed of the wave
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trains within a short timescale. In addition, the compression can still cause a
possible adiabatic heating that dissipates the wave energy and thus result in the
wave trains in the 193 A˚ observations.
4.3. Estimation of Wave Energy and Magnetic Field
We can measure the intensity variation of the wave trains in amplitude above
the background with equation IA =
It−It0
It0
. The amplitude is determined from
the wave crests and troughs during the prominent period of the wave trains. In
171 A˚ observations, the amplitude variation along L1 is 2.3, % - 5.0, % of the
background intensity, and the average value is 3.5, % ± 0.8, %. Along L2, the
amplitude variations are 1.2, % - 4.0, % in 171 A˚ and 0.3, % - 3.7, % of the
background intensity in 193 A˚, and the average amplitude are 2.6, % ± 1.1, %
(171 A˚) and 2.5, % ± 1.3, % (193 A˚) of the background intensity. The error
of the average amplitude is given by the standard deviation of the measured
values. It can be seen that the average amplitude of the wave trains weakened
significantly after their interaction with the perpendicular loop system.
The energy flux carried by the QFP wave can be estimated from the kinetic
energy of the perturbed plasma that propagate with phase speed through a
volume element. So that the energy of the perturbed plasma is E = (1
2
ρv21)vph,
where v1 is the disturbance speed of the locally perturbed plasma (Aschwanden,
2004), and vph is the phase speed. In the optically thin corona, it is usually true
that I ∝ ρ2. Thus the density modulation of the background density dρ
ρ
= dI
2I
. In
addition, if we use the relation v1
vph
≥ dρ
ρ
, then the energy flux of the perturbed
plasma could be written as E ≥ 1
8
ρv3ph(
dI
I
)2 (Liu et al., 2011). For the present
study, the average phase speeds during the fast, and slow propagation stages
are 689, and 343 km s−1, while the average amplitudes are 3.5, % and 2.6, % of
the background intensity during the two stages respectvely. By assuming that
the electron-number density of the wave guiding loops is ne = 1× 109 cm−3, we
can calculate that the energy-flux density of the QFP wave before and after the
interaction are E ≥ 1.7 × 105 erg cm−2 s−1 and E ≥ 0.1 × 105 erg cm−2 s−1,
respectively. As the typical energy-flux density requirement for heating coronal
loops is about 105 erg cm−2 s−1 (Withbroe and Noyes, 1977; Aschwanden, 2005),
so the energy flux carried by the QFP wave is sufficient for sustaining the coronal
temperature of the guiding loops.
With the average speeds of the wave trains during the three distinct stages and
the expression of the fast magnetosonic wave along magnetic fields [vf =
B√
4piρ
(θ = 0)], we can estimate the magnetic-field strength of the guiding loops at
different sections of the guiding loop system with B = vf
√
4piρ. The calculation
results indicate the magnetic-field strengths of the footpoint (invisible stage),
middle (fast stage) and end (slow stage) sections of the guiding loop are 5.4, 4.5,
and 2.2 Gauss, respectively. Since these values are calculated from the projection
speeds, they are just the lower limits of the real magnetic-field strength values.
In addition, we use the same density [ρ] in our calculation. Therefore, it should
be kept in mind that the energy fluxes obtained and magnetic-field strength
may only roughly reflect the true situation. Even so, the values obtained still
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reflect the distribution of magnetic-field strength along the divergence guiding
loop system.
5. Summary
With high temporal and spatial resolution observations taken by SDO/AIA, we
present an observational study of a quasi-periodic fast-propagating magnetosonic
wave along an open coronal loop rooted in active region AR11461. We study the
generation, propagation, and the periodicity of the wave trains, as well as their
relationship with the associated C2.0 flare. The wave trains first appeared in
the 171 A˚ observations at a distance of about 150 Mm from the footpoint of
the guiding loops, then they were observed in the 193 A˚ observations after their
interaction with an underlying perpendicular loop system on the path. To our
knowledge, such a phenomenon as well as multi-wavelength observations of QFP
waves have not been studied in the past. The main observational results of the
present study could be summarized as follow.
i The QFP wave trains and the associated flare have a common period of 80
seconds, which suggests that the generation of the wave trains and the flare
pulsation originated from one common physical process. We propose that
the periodic releasing of magnetic energy bursts through some regimes such
as nonlinear processes in magnetic reconnections or the so-called oscillatory
reconnections can account for the generation of the QFP wave trains. In addi-
tion, the component of the low frequencies revealed by the k–ω diagrams may
be caused by the leakage of pressure-driven oscillations from the photosphere
or chromosphere, which could be another important source for the generation
of QFP waves in the low corona.
ii The propagation of the wave trains can be divided into three stages: the
invisible stage (833 km s−1), the fast propagation stage (689 km s−1), and the
slow propagation stage (343 km s−1). We conclude that the properties of the
guiding loop have determined the manifestations of the wave trains during
different stages, such as the distribution of the density and magnetic-field
strength along the guiding loop system, as well as the geometry morphology.
iii The interaction of the wave trains with an underlaying perpendicular loop
system is observed. This process caused two results: the sudden deceleration
of the wave and the appearance of the wave trains in the 193 A˚ observa-
tions. These phenomena are new observational results for QFP waves, and
they can be understood from the geometric effect and the density increase
of the guiding loop system due to the interaction between the wave trains
and the underlying perpendicular loop system. The interaction may also have
caused the heating of the cool plasma to higher temperature through adiabatic
heating.
iv The amplitude of the wave trains is measured. In the 171 A˚ observations, the
average values is about 3.5, % (2.6, %) of the background intensity before
(after) the interaction with the perpendicular loop system, and that is about
2.5, % in the 193 A˚ observations. Based on these results, we estimate the
energy flux density of the QFP wave and the magnetic-field strength of the
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guiding loop system. The order of magnitude of the energy flux carried by the
QFP wave is of 105 erg cm−2 s−1, which is sufficient to sustaining the coronal
temperature of the guiding loops. The magnetic-field strength estimated from
the wave speeds indicates the distribution of the divergence geometry of the
wave guiding loops. From the footpoint of the guiding loops to the other end,
the estimated mean magnetic-field strength decreases from 5.4 to 2.2 Gauss.
In summary, the interesting QFP waves could be used for remote diagnostics
of the local physical properties of the solar corona. However, details about the
generation, propagation and energy dissipation of QFP waves are still unclear.
Further theoretical and statistical studies on QFP waves are required.
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